Methods that use bacterial luciferase for the assay of NADH in the range from 1 pmol to 1 nmol are described. Optimal conditions for the assay of glycolytic intermediates, tricarboxylic acid-cycle intermediates and related amino acids from milligram amounts of tissue are presented. The whole spectrum of these intermediates can be determined on about 10mg of liver tissue. The methods are simple, are suitable for routine use, and the instrumentation is inexpensive. The concentrations of glycolytic intermediates in rat livers were determined by conventional spectrometric methods and with luciferase, and the results found to be in good agreement. (Stanley, 1971 (Stanley, , 1978 Cantarow & Stoller, 1976; Agren et al., 1977) . A liquid-scintillation counter or other specialized equipment was used for the measurement of the production of light. The scintillation counter, although a very sensitive light-detector, is a very expensive instrument and ill-suited for the determination of bacterial light-emission. In our hands, with the use of a simple photometer, the methods cited above were unsatisfactory. Moreover, optimal conditions for light-emission were not established. We now describe procedures for the assay of reduced nicotinamide nucleotides, and the enzymic assay of metabolites in the picomole range, that are accurate and suitable for routine work and that employ inexpensive instruments.
The Determination of Reduced Nicotinamide-Adenine Dinucleotide and Metabolic Intermediates in Picomole Amounts with Bacterial Luciferase Sybil GOLDEN and Joseph KATZ Cedars-Sinai Medical Center, Los A ngeles, CA 90048, U.S.A. (Received 8 October 1979) Methods that use bacterial luciferase for the assay of NADH in the range from 1 pmol to 1 nmol are described. Optimal conditions for the assay of glycolytic intermediates, tricarboxylic acid-cycle intermediates and related amino acids from milligram amounts of tissue are presented. The whole spectrum of these intermediates can be determined on about 10mg of liver tissue. The methods are simple, are suitable for routine use, and the instrumentation is inexpensive. The concentrations of glycolytic intermediates in rat livers were determined by conventional spectrometric methods and with luciferase, and the results found to be in good agreement.
In our work it became necessary to determine a large number of glycolytic and tricarboxylic acidcycle intermediates in cytosol and mitochondria of hepatocytes incubated under various conditions. For conventional spectrophotometric assay, this requires 2-Ag of tissue, whereas we had only 50-100mg of cells. Existing methods for the assay of metabolites in the picomole range are slow and require special skills. However, picomole or even femtomole amounts of ATP can be easily assayed by firefly luciferase luminescence. We thus explored the use of bacterial NADH-linked luciferase for our purpose. Bacterial luciferase catalyses the oxidation of several long-chain aldehydes to the corresponding acids in the presence of FMNH2 and 02 with the production of light. The bacteria also contain an NADH-linked FMN Hastings (1978) and monograph edited by De Luca (1978) ]. The application of bioluminescence for analysis has been reviewed by Campbell & Simpson (1979) . However, the application of bacterial luciferase for the assay of metabolites has been limited. The assay of NADH Vol. 188 and NADPH and of several hexose 6-phosphates in the picomole range has been reported (Stanley, 1971 (Stanley, , 1978 Cantarow & Stoller, 1976; Agren et al., 1977) . A liquid-scintillation counter or other specialized equipment was used for the measurement of the production of light. The scintillation counter, although a very sensitive light-detector, is a very expensive instrument and ill-suited for the determination of bacterial light-emission. In our hands, with the use of a simple photometer, the methods cited above were unsatisfactory. Moreover, optimal conditions for light-emission were not established. We now describe procedures for the assay of reduced nicotinamide nucleotides, and the enzymic assay of metabolites in the picomole range, that are accurate and suitable for routine work and that employ inexpensive instruments.
The standard enzymic procedures for the determination of metabolites by NADH-linked reactions were not always suitable for luciferase assays. When possible, we have selected procedures where NADH is produced rather than utilized, since the latter method depends on the difference between two separate determinations. In many standard enzymic methods the reactions are driven to completion by forming an adduct of the keto group with a compound such as hydrazine (for example, as in the assay of lactate or glutamate). This depresses the production of light, and alternative methods for assay were thus chosen. Bacterial luciferase reacts with NADPH and reduced 3-acetylpyridine-adenine dinucleotide, and these nucleotides were used in some assays. A 50mg sample of liver in about 1 ml of neutralized HCIO4 extract was used. Key for symbols and abbreviations: Fru-6-P, fructose 6-phosphate; Fru-1,6-P2, fructose 1,6-bisphosphate; Glc-6-P, glucose 6-phosphate; Grn-P, dihydroxyacetone phosphate; Gro-3-P, glycerol 3-phosphate; AcPyAD, 3-acetylpyridine-adenine dinucleotide; ALD, aldolase; CS, citrate synthase; CL, citrate lyase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GDH, glycerol 3-phosphate dehydrogenase; GLDH, glutamate dehydrogenase; GOT, glutamate-oxalacetate transaminase; G6PDH, glucose 6-phosphate dehydrogenase; LDH, lactate dehydrogenase; MDH, malate dehydrogenase; PGI, phosphoglucose isomerase; PGK, phosphoglycerate kinase; TIM, triose phosphate isomerase; UDPGDH, UDP-glucose dehydrogenase.
Final concentration per ml in reaction
Same as for Fru-6-P Glc-6-P Gm-P Schmidt et al.
Fru-1,6-P2 Schmidt et al. (1970) Gro-3-Pt
Schoner ( triethanolamine/HCl, pH 9.6, was added at the end of the reaction period.
Other nucleotides
For glutamate determination, 3-acetylpyridineadenine dinucleotide was used to drive the reaction to completion. Bacterial luciferase reacts with-NADPH and reduced 3-acetylpyridine-adenine dinucleotide, but the light-intensity is less than that with an equal amount of NADH, and higher concentrations of luciferase are employed. 3-Acetylpyridine-adenine dinucleotide was also used in the proper, which oxidizes the aldehyde. Production of light is proportional to the product of the two enzymes. The effect of enzyme concentration is shown in Fig. 1 . The sensitivity of the reaction is thus greatly dependent on enzyme concentration. In Fig. 2 the kinetics of light-emission and the effects of FMN and dodecal are shown. Maximal light-emission occurs by min, with the intensity decaying for the next 3min. Higher amounts -of FMN are inhibitory. Moreover, with excess FMN the reaction mixture is light-sensitive, with spurious emission in the absence of luciferase, so that the analysis must be conducted in a darkened room. Excess dodecal is also inhibitory.
Thiol compounds have been commonly used in the luciferase assays. Fig. 3 shows the marked effect of thiol compounds on the light-intensity and kinetics. Dithiothreitol greatly stimulated light-intensity. When mercaptoethanol rather than dithiothreitol is used, light-intensity is much diminished, and the kinetics are strikingly affected. Peak intensity is attained in 2-3min, and the curves are quite flat and decay occurs relatively slowly. When 1 mM or 2 mM-dithiothreitol is used, light-intensity is nearly tripled, but the peak occurs early and the decay is rapid. Higher concentrations of dithiothreitol gave higher yields of light on the day of preparation, but were inhibitory when stored overnight. When the enzyme solution was prepared in 5 mM-dithiothreitol (rather than 1 mM), it lost nearly all activity overnight (Fig. 3) . The other additions, EDTA, glycerol and albumin, have a smaller stimulatory effect and were not studied in detail.
The concentration of luciferase was varied according to the quantity of the substrate. Higher enzyme concentration was attained by either increasing enzyme amounts or decreasing volumes. Under optimal conditions for different ranges, NADH in amounts from 1 to 10OOpmol may be assayed. The assay is linear, as shown in Fig. 4 . At the highest luciferase concentration the light-emission of the blank is about 40% of that with 1 pmol of NADH. The lower limit of detection of metabolite depends on the value of the blank. Commercial enzyme preparations differ in their blank readings. This may be due to the presence of absorbed NADH on the enzyme proteins.
Our results show that light-emission by the luciferase preparations from Photobacterumfischerii is a complex process and that the kinetics depend greatly on conditions. Our concern here is with practical application to metabolite assays. The variability in kinetics permits great flexibility in adapting the methods to a wide range of metabolite concentrations and to intruments differing greatly in their sensitivity. Thus with the Aminco photometer we chose conditions for high light-intensity and a Table 2 . Assay ofliver by spectrophotometric (A) and luciferase (B) methods Experimental details are indicated in the text. Key for symbols: Fru-6-P, fructose 6-phosphate; Fru-1,6-P2, fructose 1,6-bisphosphate; Glc-6-P, glucose 6-phosphate; Grn-P, dihdyroxyacetone phosphate; Gro-3-P, glycerol 3-phosphate.
Content (nmol/g wet wt.)
Condition of rat ...
Methods ... A Glc-6-P Glc-6-P + Fru-6-P Gm-P Fru-1,6-P2 Determination ofother compounds 3-Phosphoglycerate and phosphoenolpyruvate are not described in Table 1 , but were determined by us satisfactorily in liver extracts by the utilization of NADH in an assay coupled with pyruvate kinase and lactate dehydrogenase. A similar assay can be used to measure ADP. We have assayed also 2-oxoglutarate and glutamine, and it is probable that most spectrophotometric assays based on NADH or NADPH can be adapted for bacterial luciferase. One phosphate ester for which no convenient NADH-based assay is available is 1,3-bisphosphoglycerate, which is present in very low concentrations. Probably this is best determined by the production of ATP with firefly luciferase. The determination requires prior removal of endogenous ATP by adsorption on charcoal.
Our methods were designed for extracts from 50-100mg of liver, but can be readily adapted to the determination of a large metabolic spectrum in less than 10mg of tissue. One advantage is the cheapness of the instruments. The photometer and integrator used by us retail currently in the U.S.A. for about $3000. Several instruments in this price range are available from American and European manufacturers. The performance of several photometers has been compared (Picciolo et al., 1978) . The cost of enzymes and chemicals is very small. The luciferase assay is in our experience more reproducible than fluorimetric methods. It is probable that bacterial luciferase offers many other potential applications for the assay of metabolites in very small amounts of tissues.
